INTRODUCTION
Dye-sensitized Solar Cells (DSCs) have become an actively pursued research topic both industrially and academically, which have the advantage of low embodied cost, easy to fabricate, and their performance is only moderately sensitive to temperature. [1] [2] [3] [4] [5] [6] [7] .
Furthermore, DSCs can be fabricated on glass or flexible substrate, enabling a variety of aestetically appealing photovoltaic solutions. Typical DSCs consist of a photosensitizing dye, chemically grafted onto a wide bandgap semiconductor and a redox mediator which conducts the holes to a catalyst-coated (usually metallic platinum) cathode. The photosensitizing dye, which is a fundamental component of the device, harvests solar photons and initiates charge separation through photoinduced electron transfer from the dye excited state into the conduction band of TiO 2 . The resulting oxidized dyes are subsequently reduced by the redox electrolyte. So far, among all the photosensitizers, ruthenium complexes have maintained a clear lead in DSC technology and in conjunction with the standard I -/I 3 -redox mediator delivered a certified efficiency of 11.4% [8] [9] [10] [11] [12] [13] [14] . In spite of this, ruthenium complexes have limitations to mass commercialization owing to their rarity of the ruthenium metal and lack of absorption in the near infrared region.
In the search for ideal ruthenium-free metal sensitizers, 3d metal complexes Cu
, Zn 2 etc., and metal-free organic sensitizers have been designed for DSCs applications [15, 16] . The highest reported DSCs efficiency exceeding 12% has been achieved by a Zn(II)
porphyrin/organic dye cocktail [17] . Phthalocyanines, endowed with a large -conjugated framework, have also attracted considerable interest as solar cell sensitizers [18] . These dyes have also a remarkable thermal, chemical and photostability, which are highly required properties for long term working of DSCs. Despite having all these characteristics, phthalocyanines have shown poor to moderate performance as a consequence of their general tendency to form molecular aggregates and lack of solubility in common organic solvents. In the aggregated state, the electronic structure of the complexed Pc rings is perturbed resulting in an alteration of the ground state and excited state properties. Recently, several groups have designed and synthesized unsymmetrical phthalocyanines to improve the device efficiency [19] [20] [21] [22] [23] [24] . But, in all these unsymmetrical phthalocyanine dyes, the Q-band absorption is narrow, which is centered around 700 nm, partly limiting the light-harvesting capability of the sensitized photoelectrodes.In order to further improve the efficiency of phthalocyanine based DSC devices, one has to shift the absorption maxima of the Q-band towards near-IR region, along with a possible broadened absorption to enhance the spectral matching with the sunlight. In general, the Q-band absorption of phthalocyanine can be moved to longer wavelength through extension of -electron conjugation systems, such as moving towards naphthalocyanines and anthracyanines [25] . However, the LUMO levels of the later complexes seem to be lower than the phthalocyanine limiting their full exploitation in photovoltaic devices.
To cope with the above requirements, we have designed a new unsymmetrical phthalocyanine based on the 'push-pull' concept, having S-aryl substituents at -positions of the macrocycle. The new phthalcyanine is having six bulky 4-tert-butyl benzenethiol groups (which act as electron releasing, 'push') and one carboxyl acceptor (which act as electron withdrawing 'pull' as well as anchoring group) in its molecular structure, see Scheme 1. The new unsymmetrical phthalocyanine has been characterized by elemental analysis, IR, MALDI-TOF, UV-Visible, fluorescence (steady-state & life-time) and electrochemical methods. A computational investigation was also performed to give a deeper insight on the optical and the electrochemical properties of this compound. Finally the new sensitizer has been tested in DSC devices, to assess its photovoltaic potential.
Experimental Section
2,3-dicyanohydroquinone, 3,4-dicyano benzoic acid, 4-tert-butyl benzethiol, DBU, and Zn(OAc) 2 .2H 2 O were procured from Aldrich and used as such. Analytical reagent grade solvents were used for synthesis, and distilled laboratory grade solvents were used for chromatography. All solvents were procured from BDH (India) and were purified prior to use [26] . Milli-Q water was used for synthetic and purification purpose. ACME silica gel (100-200 mesh) was used for column chromatography and thin-layer chromatography was performed on Merck-precoated silica gel 60-F 254 plates. Either gravity or flash chromatography was used for compound purification. Where a dual solvent system was used, gradient elution was employed, and the major band was collected.
Synthesis
Phthalonitrile-3,6-ditriflate ( 
Methods
The UV-Visible spectra were recorded with a Shimadzu model-170 spectrophotometer using 1 X 10 -6 M solutions in THF solvent. Steady state fluorescence spectra were recorded using a Spex model Fluorlog-3 spectrofluorometer for solutions having optical density at the wavelength of excitation ( ex ) 0.11. Time-resolved fluorescence measurements have been carried out using HORIBA Jobin Yvon spectrofluorometer.
Briefly, the samples were excited at 670 nm and the emission was monitored at 780 nm. The count rates employed were typically 10 3 -10 4 s -1 . Deconvolution of the data was carried out by the method of iterative reconvolution of the instrument response function and the assumed decay function using DAS-6 software.The goodness of the fit of the experimental data to the assumed decay function was judged by the standard statistical tests (i.e., random distribution of weighted residuals, the autocorrelation function and the values of reduced 2 ).MALDI-MS spectra were recorded on a TO-4X KOMPACT SEQ, KARTOS, UK, mass spectrometer.
Major fragmentations are given as percentages relative to the base peak intensity. 1 H NMR spectra were obtained at 300 MHz using a Brucker 300 Avance NMR spectrometer running X-WIN NMR software. The elemental analyses were done on an Elementar, Vario MICRO CUBE analyzer.
Cyclic voltammetric measurements were performed on a PC-controlled CH instruments model CHI 620C electrochemical analyzer using 1 mM unsymmetrical phthalocyanine solution in THF solvent at scan rate of 100 mV/s with 0.1 M tetrabutyl ammonium perchlorate (TBAP) as supporting electrolyte. The working electrode is glassy carbon, standard calomel electrode (SCE) is reference electrode and platinum wire is an auxiliary electrode. After a cyclic voltammogram (CV) had been recorded, ferrocene was added, and a second voltammogram was measured.
Dye cell preparation
The TiO 2 photoelectrode fabrication is similarto our earlier studies [12, 20] .FTO glass (TEC- The electrolyte solution was inserted by vacuum backfilling. Then, the hole was sealed by using additional Surlyn patch and a cover glass and finally a conductive Ag-based paint was deposed at the electrical contacts.
The Iolitech ES-0004 HP electrolyte, containing 1-butyl-3methylimidiazolium iodide, iodine, guanidinium thiocyanate and tert-butylpyridine, in a mixture of valeronitrile and acetonitrile, with LiI in 0.1M concentration added was used.
Photovoltaic Characterization
Photovoltaic measurements were recorded by means of AM 1.5 solar simulator equipped with a Xenon lamp (LOT-ORIEL LS 0106). The power of incoming radiation, set at 100 mW/cm 2 , was checked by a piranometer. J-V curves were obtained by applying an external bias to the cell and measuring the generated photocurrent with a Keithley model 2400 digital source-meter, under the control of dedicated LabTracer 2.0 software. A black shading mask was employed to avoid the overestimation of the measured parameters.
Computational Details
DFT and TD-DFT calculations were performed using Becke's hybrid exchange functional B3 [28] with the Lee-Yang-Parr correlation functional LYP [29, 30] (B3LYP) and 6-31G** basis set [31] . Solvent effects for TetraHydroFuran (THF) were added using polarizable continuum model of solvation (PCM) [32, 33] as implemented in the Gaussian 09 software suit [34] . The absorption spectra have been simulated in THF solution by computing the first 40 singlet-singlet excitations; the computed spectra have been analysed in terms of the molecular orbital composition of the main transitions. Further, to gain insight on the interactions between the dye and the semiconductor, the adsorption of the dye onto a TiO 2 model has been also investigated using a neutral cluster of 82 units of TiO 2 units (about 2x2 nm) exposing the anatase 101 surface; this model has demonstrated to give good results in previous studies [35] .For computational convenience, a reduced dye model with hydrogen atoms replacing the tert-butyl substituents of the real system, Zn-Thio-Pc-M,was employed to simulate dye adsorption on to TiO 2 .A single point calculation including the solvent effects at the same level of theory of that used for the isolated dyes has been performed in the dye@(TiO 2 ) 82 cluster. The density of states (DOS) for the first 100 unoccupied states has been described using a gaussian convolution with a σ of 0.2 for the whole joint system as well as the projection of the electronic states of the dye and of the semiconductor states.
Results and Discussion
The synthetic scheme of Zn-Thio-Pc is shown in Scheme 1. The Phthalonitrile-3,6-ditriflate (1) was synthesized by the condensation of 2,3-dicyanohydroquinone with triflic anhydride.
Whereas 3,6-bis(thiophenyl-tert-butyl)phthalonitrile (2) was synthesized by condensation of 1 with tert-butylthiophenol. In both cases, pure phthalonitriles were obtained after recrystallization. Finally, the unsymmetrical phthalocyanine was obtained by crosscondensation of 2 with 3,4-dicyano benzoic acid using Zn(OAc) 2 as template and DBU as catalyst to get different isomers. The desired isomer was isolated by adopting silica gel column chromatography. The new unsymmetrical phthalocyanine is characterized by elemental analysis, Mass, IR, 1 H NMR, and fluorescence spectroscopies (both steady-state and time-resolved) as well as cyclic voltammetry (including spectroelectrochemistry).
MALDI-MS spectrum consists of a molecular ion peak at 1605 that is assigned to the presence of corresponding unsymmetrical phthalocyanine.
Optical properties
The electronic absorption spectrum of Zn-Thio-Pc was recorded in THF solution and compared to that of the phthalocyanine adsorbed onto 2 m thick nanocrystalline TiO 2 films (see Figure 1) . Our calculations on both + systems show that the lowest two transitions constitute the Q-band. The first transition (S1) shows charge transfer from HOMO to LUMO. For both systems, the HOMO shows π character and is delocalized on the phthalocyanine ring.
Whereas,the LUMO shows π* character and is delocalized over phthalocyanine ring as well as carboxylic acid anchor (Figure 4) . The charge distribution of these MOs involved in the S1
transition suggests a charge push from phthalocyanine ring towards the anchor moiety. The second transition (S2) also possesses highest oscillator strength (f) and shows HOMO→LUMO+1 character. Similar to the LUMO, the LUMO+1 is also delocalized on phthalocyanine ring but shows no localization on the carboxylic acid anchor (Figure 3 ).
Several low intensity excitations contribute in formation of Soret band, see Table for a survey of the most relevant ones.
The absorption spectrum of the phthalocyanine adsorbed onto 2 m thick TiO 2 electrode is similar to that of the solution spectra but exhibits a small red shift (Fig. 1) , which is due to Ti 4+ acts as electron withdrawing and produces a red shift in the absorption bands. 
Electrochemical properties
With a view to evaluate the HOMO-LUMO levels of Zn-Thio-Pc, we have performed Spectroelectrochemical studies were employed to confirm the assignments of the electron transfer reactions recorded with CV measurements of Zn-Thio-Pc. This information is essential concerning the durability of the sensitizer. Figure 5 represents in-situ UV-vis spectral changes in THF/TBAP under applied potential.
During the first oxidation process (E app = 0.90V), the absorption Q-band decreases in intensity without shift, while new band is appeared at 900 nm with increase in intensity, whereas the intensity of Soret band increases. The band assigned to the aggregated species at 680 nm is also decreases in intensity due to the shifting of the aggregation-disaggregation equilibrium under applied potential. The process gives clear well-defined isosbestic point at 360, 600 and 790 nm, which indicate the formation of one type of oxidizedspecies. These spectroscopic changes (Fig. 6a) [41] [42] [43] . The unsymmetrical phthalocyanine return to original absorption spectrum, if once applied potential removed. During the reduction of Zn-Thio-Pc (applied potential at -1.2 V), the absorption of Q-band intensity decreases whereas the intensity of Soret increases without shift. During this process clear isosbestic points are observed at 390, 400, and 620 nm, which clearly indicates that the reduction gives a single product. These changes are typical of the ring-based reduction and assigned to [Zn II Pc 
DFT/TD-DFT calculations
In order to have a deeper understanding of the charge-transfer ability of Zn-Thio-Pc-M molecule upon chemisorption on TiO 2 , and to gain insight into the dye adsorption mode on to the semiconductor surface, we have investigated the electronic structure of Zn-Thio-PcM@TiO 2 complex using Density of States (DOS) plot for unoccupied orbitals ( Figure 6 ).
The unoccupied DOS profile shows that upon interaction with TiO 2 , the dye LUMO is substantially broadened, reflecting a good propension for the dye to inject charge into the 
Photovoltaic Studies
Photovoltaic tests have been finally conducted using the new sensitizer. The measured parameters and the JV-curves are reported respectively in Table 3 and Figure 9 .
Since the absorption spectra have shown a slight red shift and a moderate broadening of the Q-band moving from the solution to the TiO 2 , suggesting weak aggregation issues, the first test was made without using the Chenodeoxycholic Acid ( Finally, we have examined the thermal stability of Zn-Thio-Pcby using thermogravimetric analysis for outdoor applications. Figure 10 shows the thermal behavior of Zn-Thio-Pc. It is known from the literature that phthalocyanine and its metallo derivatives are stable up to 400 o C [44] . The thermograme indicates that the Zn-Thio-Pc sensitizer is stable up to 250 o C. The weight loss (up to 3.42 %) was observed in 250 -350 o C temperature is attributed to the removal of the carboxyl group from the macrocycle.
Conclusions
In conclusion, we have synthesized an unsymmetrical S-aryl zinc phthalocyanine based on 'push-pull' concept having six S-aryl groups at non-peripheral positions of phthalocyanine macrycycl, which act as electron releasing (push). It also has a carboxyl group acts as electron withdrawing groups (pull) and server to graft on to nanocrystalline 
